The influence of FT-IR sampling techniques on the characterization of cement systems was investigated. Three FT-IR techniques were used to study tricalcium silicate (C3S), hydrated C3S, calcium hydroxide, and calcium silicate hydrate (C-S-H). They include transmission spectroscopy (TS), photoacoustic spectroscopy (PAS), and diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). The TS technique (using KBr pellets) was the most labor-intensive but was found to give the simplest spectra with welldefined bands. The PAS technique was found to be the simplest technique but yielded bands at lower wavenumber than TS. DRIFTS was determined to be a good alternative for cement powders since it provided spectra similar to those for the TS technique. DRIFTS required more sample preparation than PAS but less sample preparation than the KBr pellet technique.
INTRODUCTION
Investigation of existing buildings, or the testing of the materials from which they are constructed, constitutes a high proportion of work in the construction area. This area requires the availability of a wide range of testing techniques capable of providing detailed information on both the chemical and physical conditions of the constituent materials of the building structure. These techniques are needed to detect cracking, voids, corrosion, or other forms of degradation and to identify the reason for such problems. In most cases, these investigations involve existing residential and/or commercial buildings. Therefore, it is necessary to use nondestructive techniques to obtain quick and accurate information without causing damage to the finish and decoration of the structure. Hence, there is a continuous need for developing new analytical techniques or adapting existing ones.
Cement is one of the most common building materials in the construction industry. Ordinary Portland cement (OPC) is obtained by heating to approximately 1300-1450 °C a mixture of calcareous and argillaceous raw materials and grinding it. The calcareous materials, whose main constituent is calcium carbonate, include limestone, chalk, marlsea shells, etc. Magnesium and other alkaline earth carbonates also occur in considerable quantities in dolomitic and other low-grade limestones. The argillacous materials, on the other hand, are mainly clays with a widely varying composition. Tricalcium silicate (C3S) and [3-dicalcium silicate (C2S) are the important silicate minerals in Portland cement. 1 These two sil-icates together make up 70-80% of the Portland cement. 2 However, the main component is tricalcium silicate (3CaO.SiO2),? which imparts strength. Gypsum or CSH2 (CaSOe.2H20) is added to cement in small amounts to control the setting properties of the cement. Portland cement, as ordinarily prepared, is a fine-grained multiphase material with four major phases. The phases are summarized in Table I . Table I shows the complexity of the Portland cement material, which becomes even more complex upon hydration. Calcium silicate hydrate is formed upon hydration of alite (C3S, which contains Fe, A1, Mg, Cr, and Zn) and belite (C2S, where Ca is replaced by Na, A1, Mg, K, Cr, and Mn). 3 The principal hydration products of OPC are calcium silicate hydrate (C-S-H), calcium hydroxide, ettringite, and/or the monosulphate/C4AH13 solid solution. To understand the complex reactions occurring during the hydration process of cement, it is important to know the hydration behavior of its individual components. For example, tricalcium silicate reacts with a limited amount of water and forms calcium silicate hydrates of given composition CxSxHx and Ca(OH) 2. Most of the hydration reaction occurs within a month. However, complete hydration occurs only after several years under normal curing conditions. In a fully hydrated C3S paste, about 60-70% of the solid is C-S-H?
The following reactions illustrate the basic hydration process of C3S: 2 3CaO.SiO2 + xHzO----) YCaO.SiO2.(x+y-3)H20 + (3-y)Ca(OH)2 (1) generally represented as:
The amount of Ca(OH)2 produced in the hydration of C2S is less than in C3S. The dicalcium silicate phase hydrates much more slowly than the tricalcium silicate phase. The stoichiometry of the above chemical reaction is not completely known, since it is difficult to estimate the composition of C/S and H/S ratios. According to Bensted, 3 in the C-S-H gel-like solid formed upon hydration, the CaO:SiO2 ratio is close to 1.5; however, depending on the nature of the cement, water/cement ratio, and temperature, this composition can change from 1.5 to 1.8.
Various analytical techniques have been used to study cement and its hydration products. They include thermal analysis (e.g., DTA), 4-6 solid-state high-resolution 295i NMR, X-ray diffraction, TM infrared spectroscopy, 3,4,5,s ~7 have studied hydration behavior of cements using both the KBr pellet and Nujoi mull techniques. Infrared spectra obtained of -/-and [3-C2S, C3S, and the hydration products of the latter have been obtained by using the KBr and NaC1 prism. 9 Ramirez et al. 17 have also used the pellet technique to study simulated corrosion of reinforcing steel in concrete by salt intrusion. In the last decade, new infrared sampling techniques, such as ATR, have been shown to be useful in the analysis of the cement of variable composition.~5 Recently, Bonen et al.~8 analyzed commercial and synthetic clinker minerals by Fourier transform infrared (FT-IR) and FT-Raman microspectroscopy. In spite of this, the KBr pellet and the Nujol mull techniques continue to be the most widely used. KBr pellet, however, is very time-consuming, and Nujol mull can obliterate crucial IR regions.
Specimen preparation can be reduced greatly by using other IR sampling techniques such as photoacoustic (PAS) or diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). These techniques not only provide spectral information similar to that obtained by TS but also reduce sample preparation and analysis time.
Because of the complexity of the OPC system, it is difficult to study the hydration process of individual components (the hydration reaction of one component may be hindered by another). For example, hydration of the tricalcium aluminate (C3 A) occurs very quickly, interfer-ing with the hydration of C38, The latter, upon hydration, is responsible for strength; thus, it is important to isolate and understand the hydration process. This procedure is greatly facilitated through the use of pure calcium silicate hydrate in research investigations.
In this study, synthetic C3S and calcium silicate hydrate (C-S-H) of different C/S and H/S compositions were prepared in the laboratory 6 and studied by infrared spectroscopy with the use of different sampling techniques. Results obtained from FT-IR analysis of powdered synthetic C3S, calcium hydroxide, and six C-S-H preparations with the use of three techniques--TS, PAS, and DRIFTS--are presented and compared.
EXPERIMENTAL
Synthetic C3S and six synthetic calcium silicate hydrate preparations with a wide range of C/S and H/S ratios (supplied by Lafarge Coppee Recherche, France) were studied. Details of specimen preparation have been described elsewhere. 6 Hydrated C38 with a water/solid ratio of 0.5 was also studied. The C/S and H/S ratios of six C-S-H preparations are given in Table II . Powdered tricalcium silicate (C3S), calcium hydroxide, and the six calcium silicate hydrate (C-S-H) preparations were analyzed by FT-IR spectroscopy using three sampling techniques: TS (KBr pellet), PAS, and DRIFTS. The analysis was performed with a Nicolet FT-IR (Model 800) connected to a Balston air dryer (Model 75-60).
KBr pellets were prepared as follows: We mixed 750 mg of KBr crystals, ground with 2 or 5 mg of sample. Approximately half of the KBr/sample mixture was transferred to a 13-mm-diameter die, placed under vacuum in a RIIK 25-ton ring press for 10 min. The mixture was pressed under vacuum with a load of 10 tons for 2 min, released, pressed to 10 tons for 30 s, released, and pressed again for 30 s.
The photoacoustic spectra were obtained with an MTEC photoacoustic cell (Model 200). Samples were analyzed without any sample preparation, except for slight grinding of the hydrated C3S. Powdered samples were placed in a 10-mm-diameter stainless steel pan and scanned. The background was scanned with the use of a carbon black standard reference membrane under the same conditions as the sample. Helium was used as a purge gas at a flow rate of 5 mL/s. The diffuse reflectance spectra were obtained with the DRIFTS sample head option SH003 on the MTEC Model 200 photoacoustic cell. Samples were diluted to approximately 1% by weight with KBr crystals and ground to a powder for about a minute. All spectra were ratioed against a background obtained from pure ground KBr scanned the same day. Helium gas (5 mL/s) was used to purge the sample.
Experimental parameters used with each FT-IR technique are summarized in Table III . The DRIFTS spectra were converted to Kubelka-Munk units by using the KLB routine from the SX Nicolet software. The automatic or manual baseline-correction normalize routines from the OMNIC software (Nicolet Instruments) were used to correct the baseline of the spectra before plotting. All stack spectra were normalized before plotting.
RESULTS AND DISCUSSION
The infrared absorption spectrum of C3S obtained by using the KBr pellet technique is displayed in Fig. 1 . The spectrum shows a strong broad band in the 1200-800cm 1 region, with maxima at 940, 908, and 883 cm l, and two sharp bands at 813 and 527 cm -1. The bands in the 1200-800-cm I region and that at 813 cm l can be attributed to the antisymmetrical and symmetrical stretching vibrations of SiO4, respectively, whereas the band at 527 cm -~ is ascribed to the out-of-plane bending vibrations of SiO 4. The bands below 500 cm-~ are due to the in-plane bending vibration of SiO 4. Such bands are typical for anhydrous tricalcium silicate. 1,3 The spectrum also shows a broad and unresolved band between 1600 and 1400 cm -1 and another weak one at -3640 cm ~. The latter can hardly be seen, because of the scale used. These bands do not result from any pure C3S vibrations. The band at 3640 cm -~ is typical of free OH groups. This observation suggests that the C3S may have been partially hydrated. The 3640-cm -1 band is useful for diagnosis of the initiation of the hydration process? It has also been 3640 Calcium Hydroxide reported ~5 that splitting of the band in the 1000-850-cmregion results from the presence of silicate phases. Since calcium hydroxide is one of the hydration products of Portland cement and C3S, the calcium hydroxide spectrum shown in Fig. 2 was obtained by three different sampling techniques. Spectra show bands at 3640 cm -~ and between 1600 and 1400 cm -~ that are similar to those observed in the C3S. The spectra obtained by the KBr technique and by PAS show an unresolved broad band with two maxima (--1480 and 1420 cm -~) in the same spectral range as those at 1473 and 1420 cm -~ observed in Fig. 1 . Therefore, the bands between 1600 and 1400 cm-~ are likely to be due to hydration of C3S. The band maximum may differ slightly from spectrum to spectrum, depending on the broadness of the band. Pressure applied during the KBr pellet preparation, as well as particle size, can affect the band shape (Christiansen effect).
Atmospheric CO2 attacks some compounds in cements and its hydration products? Exposure of cement to CO2 results very quickly in carbonation. The calcium carbonate spectrum (shown in Fig. 3) was obtained by the PAS technique to determine whether the cement had carbonated. The strong bands in the 1600-1300-cm-~ region and at 874 cm -1 observed in the spectrum are due to the antisymmetrical stretch and out-of-plane bending of the C-O, respectively, and the medium intensity one at 712 cm -~ is due to the angular bending of the O-C-O. 3 The medium band at 2512 cm-~ may be a combination of the 874-and 1400-cm -~ bands, and that at 1795 cm -~ is probably an overtone of the 874-cm-~ band. However, in minerals containing hydroxyl ions, the carbonate bands may be displaced to a higher wavenumber? The spectrum also shows the presence of free OH groups at 3640 cm ~, which can be due to calcium hydroxide impurities; a weak broad band at 3374 cm -~, typical of bonded OH; and bands at 2981 and 2873 cm -1, which may be overtones and combinations of the bands centered at 1444 cm ~. With the exception of the bands at 3640 cm -~ and in the 1600-1300-cm ~ region, no other carbonate bands are observed in the C3S spectrum. A comparison of the spectrum of Ca(OH)2 and CaCO3 with that of C3S suggests that the latter has undergone mainly hydration rather than carbonation. A level of 1% carbonate in silicates can be easily detected in the 1600-1400-cm -~ region, l A general overview of the cement spectra, from 2200 to 400 cm -1 obtained by TS and the use of the KBr pellet technique, is displayed in Fig. 4 . The spectra show that, as the C/S ratio increases, the broad band at -940 cm -1 due to stretching vibration of the SiO 4 not only becomes narrower but also shifts to higher wavenumber. In addition, a weak band in the 1600-1500-cm -1 region starts to appear, whereas the 500-cm-1 band almost disappears. Figure 5 displays the 4000-2400-cm -I region for the spectra shown in Fig. 4 . As can be observed, the free OH band in the hydrated C3S spectrum with a water/solid ratio of 0.5 is more intense than in other spectra. The DRIFTS and PAS spectra displayed a similar trend in both regions. In general, the spectra obtained by the three different sampling techniques do not differ greatly from one sampling technique to another. This result suggests that either technique can be used to study the hydration of cement. It is important to note that almost all spectra, regardless of the sampling technique used, show bands between 2900 and 2800 cm 1. Such bands may result from the solvents used to dry the preparations.
The spectra for each preparation obtained by the three sampling techniques used in this study are shown in Figs. 6-13. The positions of the IR bands for the preparations studied are summarized, with respect to sampling techniques, in Tables IV-VII. Each table contains two prep- arations with C-S-H samples given by increasing C/S ratios.
The spectral features for the C3S sample present in the TS spectrum ( Fig. 6 ) are similar to those present in the DRIFTS and PAS spectra. Similarly, the spectrum for the hydrated tricalcium silicate with a water/solid ratio of 0.5 [C3S(w/s0.5)], displayed in Fig. 7 , shows similar spectral bands, regardless of the sampling technique used to collect the spectrum. The shifting of the band at --940 cm -~ in the anhydrous C3S ( Fig. 6 ), to -970 cm -1 for TS and DRIFTS, and to -960 cm ~ for PAS in the C3S(w/s05) spectrum is an indication of hydration of the tricalcium silicate. Shpynova et al. ~9 reported that, after 15 years of hydration, the 938-cm -1 band that they observed in the anhydrous C3S gradually shifted to 989 cm 1, whereas the band at 878 cm -I remained unaffected. A similar shift was also observed by Bensted and Varma. 2° Other spectral bands observed in Fig. 7 are the free OH stretching absorption bands at --3640 cm -~ resulting from the calcium hydroxide; the broad band in the 3500-3200-cm -~ region from the OH stretching vibrations of the C-S-H; and a weak broad band at -1650 cm 1, which may be assigned to the water bending vibrations? The shifting of the 940-cm-t band to higher wavenumber in the C-S-H suggests the possibility of continuous changes in the C3S structure as hydration takes places. Hence, a more compact and highly condensed framework may form, resulting in changes in molecular interactions. Another indication of hydration is the 500-cm -~ band observed in Fig.  6 , which is noticeably absent in Fig. 7 . The chemical environment of the bending vibrations of the bonds changes as hydration occurs. This factor is probably responsible for the appearance of a well-defined band at -460 cm -~. Bensted 3 has reported that IR bands below 600 cm -~ observed in the C-S-H spectrum are wide and flattened, indicating poor crystallinity; such bands are not suitable for characterization purposes. In addition, he re-ported that broad bands in the C-S-H spectrum are consistent with the presence of poorly crystalline, nonstoichiometric, gel-like solid.
The infrared spectra obtained by using the KBr pellet technique (TS), DRIFTS, and PAS for preparations with C/S ratios of 0.68 (C-S-H-110) and 0.87 (C-S-H-112), respectively, are displayed in Figs. 8 and 9 . In general, the IR bands observed for the two preparations show bands similar to those observed in Fig. 7 , with the exception of the band at -660 cm ~, which is absent in the previous spectrum. The sharp peak superimposed in the DRIFTS spectrum at -670 cm -~ can be attributed to atmospheric CO2, as was observed by Ghosh and Chatterjee ~5 during the analysis of Portland cement by attenuated total reflectance (ATR). They attributed this band to atmospheric CO2. The main band at --660 cm can, however, be attributed to the Si-O-Si symmetric vibrations.Z8 Figures 10-13 display the spectra for the remaining four preparations studied. Once again, IR bands for the different preparations obtained by TS are also observed in the DRIFTS and PAS spectra. Generally, the bands in the PAS spectra seem to appear at a slightly lower wavenumber than those in the TS and DRIFTS spectra.
CONCLUSION
The IR spectra obtained by the TS technique are simpler and have better-defined bands than those obtained by either the DRIFTS or the PAS technique. However, the TS technique is very labor-intensive. The results suggest that DRIFTS is a good alternative for powdered samples such as cement, even though it gave slightly noisier spectra than the other two. It requires less sample preparation than the TS technique. The PAS technique was found to be the easiest technique of the three, since it requires hardly any sample preparation. The IR bands of the spectra obtained by this technique appeared at slightly lower wavenumber than those in TS and DRIFTS.
A comparison of the spectra obtained by the three FT-IR techniques leads to the conclusion that, although some small differences are observed in the spectra, any of the three techniques can be used to study cement and the associated hydration products. PAS was the easiest technique. PAS bands were found to occur at lower wavenumber than those from the KBr pellet and DRIFTS techniques. DRIFTS was found to be a good alternative for cement powders. DRIFTS requires more sample preparation than PAS but much less than the KBr pellet technique.
The following conclusions may be drawn from the re-suits of this study: The 3640-cm i band contains OH stretching vibrations of Ca(OH)2. The 3450-cm ~ band is attributed to OH stretching vibrations of the C-S-H. The 1700-1500-cm -1 band corresponds to the bending of the OH groups in the C-S-H and may be representative of hydrated samples. The 1200-800-cm 1 region is attributed to the stretching vibrations of SiO4, and the 500-400-cm -~ region is associated with the bending vibration of SiO 4. 
